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The oxysterol receptors LXR (liver X receptor)-a and 
LXR0 are nuclear receptors that play a key role In reg- 
ulation of cholesterol and fatty acid metabolism. We 
found that TJERs also play a significant role In glucose 
metabolism. Treatment of diabetic rodent* with the LXR 
agoniat, T09Q1317, resulted in dramatic reduction of 
plasma glucose. In insulin -resist ant Zucker (fa/fa) rate, 
T0901317 significantly improved insulin sensitivity- Ac- 
tivation of IAR did not induce robust adipogenesis but 
rather inhibited the expression of several genes in- 
volved in hepatic gluconeogenesis, including' phos- 
phoenolpymvate carbosykinase (PEPCK). Hepatic glu- 
cose output was dramatically reduced as a remit of this 
regulation. Nuclear run-on studies indicated that tran- 
scriptional repression was primarily responsible for the 
inhibition of PEPCK by the LXR agonist. In addition, we 
show that the regulation of the liver gluconeogenic 
pathway by LXR agonists was a direct effect on hepato- 
cytes. These data not only suggest that UQto are novel 
targets for diabetes but also reveal an unanticipated 
role for these receptors, further linking lipid and glu- 
cose metabolism* 



Type II diabetes mellitua is a prevalent metabolic disease in 
developed countries, with insufficient therapies for- treatment 
and prevention (1, 2). Studies in recent years have suggested 
that nuclear receptors are intimately linked to the pathophys- 
iology of diabetes. The antidiabetic thiazolidinedionee have 
been identified as ligandft of proxisome proliferator-activated 
receptor y (PPARy) 1 (3. 4). Retinoid X receptor (RXR) Uganda 
have also been shown to lower plasma glucose levels in rodent 
diabetic models (3-5). 

Originally identified as orphan members of the nuclear re- 
ceptor superf&mily, liver X receptors exist as two isoforms, 
LXRct and LXR0. The two isoforms display distinct patterns of 
expression with LXRa being primarily expressed in liver, in- 
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testina, and kidney, whereas LXR0 is expressed ubiquitously 
(6). Ojcyaterpls were identified aa the putative physiological 
H gands for the LXRa (7), and additional studies have demon- 
strated that these receptors act aa sensors for these cholesterol 
metabolites and are essential components of a physiological 
feedback loop regulating cholesterol metabolism and transport 
(8). Consistent with their role in regulation of these metabolic 
pathways! several LXR-regulated genea involved in lipid me- 
tabolism and cholesterol transport have been identified includ- 
ing; ABCA1, ABCG1, ABCG5, ABCG8, ApoE, CETP, Cyp7a, 
LPU SREBPlc, and FAS (8-14). 

As a result of the close relationship between lipid and car- 
bohydrate metabolism, we examined the potential role LXRa 
may play in glucose homeostasis by using a specific LXR ago- 
nist, TO901317, (11) in rodent models of diabetes. Our findings 
indicated that T0901317 does- depend antly lowered plaama glu- 
cose lovel in both db/db and Zucker diabetic fatty (ZDF) rat 
models. In the fa/fa inaulin-resiatant rat model, TO 9013 17 sig- 
nificantly improved insulin sensitivity. Examination of the 
liver gluconeogenesis pathway revealed dramatic repression of 
key genes involved in this pathway. A© a result, hepatic glucose 
output was dramatically suppressed. PEPCK mRNA suppres- 
sion appeared to originate primarily from transcriptional re- 
pression as indicated by the nuclear run-on experiments. Fur- 
ther Studies in cultured hepatocytes indicated that hepatic 
activation of LXRs was sufficient to mediate the suppression of 
the hepatic gluconeogenesis pathway. Moreover, in an in vitro 
adipocyte differentiation aagay, we showed that LXR agonists 
only rninirnally induced adipocyte differentiation compared 
with the robust effect by classic PPAR 7 agonists. 

MATERIALS AND METHODS 

In Vivo Glucose-lowering Studies — Five-weak-old male db/db mice 
were purchased from Harlan (Madison , WI) and Acclimated for 2 weeks 
prior to the Start Of the Study. Mice were provided Purina 5 OOa food ad 
libitum, and the compounds ware dosed once daily via oral gavage for 7 
days. Blood sample* were taken 1 h after dosing via the tail vain, and 
plasma glucose and triglyceride levele were measured on a Hitachi 912 
Clinical chemistry analyser. Animala were sacrificed in the morning, 1 h 
after the eighth dose, and tissue b vara collected and frozen in liquid 
nitrogen for processing. A similar protocol was Hied fcr ZDF r&ts that 
ware purchased from Charles River/Genetic Model*, Inc. (Zionsvilla, 
IN), fhe rata were 8 weeks old at the atart of the rtudy. 

Oral Glucose Tolerance Study in fa/fa Rat* — Ob«Ae in Bulin-resistaiit 

female Zucker (fa/fa) rate (Charles Rivet/Genetic Models, Inc.), 10 
weekg of age, were orally Ravaged for 9 days with either vehicle or 
TQ901317 (3 mg/kg/d). A pair-fed group was also included, to ascertain 
the enacts of a mild reduction in food consumption noted in the 
T0901S17 group. Eight houra after the last dose, animala were ftuted 
overnight and on the following morning subjected to an oral glucose 
tolerance test. Briefly, blood was obtained from the animals in the 
conscious state, via the tail vein, at time 0 and timas 15, 30, 60, and 120 
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T09Q1317(mgfegj) 



Fig. 1. LXR n^cmut TO&01317 lowers plasma glucose In male dWdb mice fluid mode Zuokcr diabetic fatty rata Bind improves Insulin 
sensitivity In female Zucker (fa/fa) rat*. Five animala in each group were orally dotted with T0901317 for 7 days, and plasma glucose levels 
were measured. Female Zucker (fa/fa) rata were dosed for 9 days and subjected to an oral glucOBB tolerance teat. Insulin sensitivity index is clucofie 
AUC x insulin AUC. * % p < 0.06. 



min after an oral glucose challenge (2.5 g of glucose/kg body weight). 
Plasma glucose and insulin levels were analyzed on all samples, and the 
results are expressed a* the product of glucose AUC and insulin AUC. 

Glucose Output with ZDFRat Liver Sliceis — Precision-cut liver slices 
were generated from control, TO 901S 17- treated (10 And 30 mg/kg/d for 
7 days), and pair-fed to male ZDF rats following 7 days of treatment and 
an overnight fast. After preincubation and wash phases, the slices were 
incubated for 2 h at 29 fl C in Krebs-Henseleit bicarbonate buffer con- 
taining 40 raM manmtol in either the presence or absence of 10 mM 
lactate. Incubation media glucose levels were assessed at the 2-h time 
point. Loctate-atintulnted glucose output for each condition was derived 
by subtracting the basal rate of glucose output per gram of liver tissue 
from th« flubdtrate-tftimulated rate of glucose output per gram of liver 
tissue. This rate of glucose output largely reflects the gluconeogenic 
rate because no group displayed a net increase in glycogen formation 
during the incubation period (data not shown). 

Nuclear Run-an Experiment — A nuclear run-on experiment was per- 
formed essentially bb described (15). Briefly, db/db mice were treated by 
T09D1317 as described above. Liver samples were collected after ani- 
mals were sacrificed. Nuclei were isolated, and in vivo elongation reac- 
tion was performed. The radiolabeled RNA was than subjected to slot 
blot to probes. 

mRNA Measurement — Total RNAa were prepared from froctn tissue 
samples or cells with TJUzoI reagent (Invitrogen) or Qiagen RNA prep 
kit. Mouse FEPCK and G6F mRNA wore measured by RNase protec- 
tion assay and Quantified with a Moluculnr Dynamics Phoanhorimaffer 
Model 61. Rut mRNA was subjected to reverse transcription reactions 
using the Omniscript reverse transcriptase kit (Qiagen) according to 
the manufacturer's directions. The resulting cDNA was amplified using 
T&qMan 2x PCR master mix (Applied BioBystems). The PGR products 
were detected in real time using nn ABI-7900HT sequence detection 
system (Applied Biosysbezns). The Tat PEPCK bDNA waa performed aa 
described (16). 



In Vitro Adipocyte Differ^ntiation^T^-hl preadipocytes were 
grown fn Dulbeeco's modified Eagle's medium (DMEM) containing 10% 
fetal bovine serum. Two-day poatconfluent 3T3-L1 cells (designated day 
0) ware induced to differentiate by exposure lor 4 days to DMEM with 
10% fetal bovine scrum containing either DII (1 /iM dexaxnethasone, 1 
uM insulin, and 0.5 mM isobutybnethybcauthine) or single compound (10 
each of T0901317 or 22( R)-hydroxyc h ol es te rol or rOfliglitOSOne). 
From day 4 to day 6, cells wore exposed to DMEM with 10% fetal bovine 
serum. Oil Red O staining was performed as described (17). C3H1QT1/2 
mouse preadipocyte calls were grown up in DMEM and 10% calf serum. 
Cells at passage six wttre plated at 1.0 X 10* cells per well in 9 6- well 
clear bottom plates. The next day, compounds were diluted in media 
containing 0.03 mg/ml insulin. Media waa aspirated off cells and re* 
placed with 100 pJ of media containing Insulin and different concentra- 
tions of compound in quadruplicate. The cells ware treated for 6 days, 
followed by washing once with 200 jxl/well phoaphate-hufTered saline, 
and lysed in 60 ^I/well 0.1% IGEPAL in paosphate-buflered aalinc for 
10 milk at room temperature. 100 til/well Of Sigma infinity triglyceride 
reagent (Sigma Diagnostics no. 343) was added, and abaorbencies were 
read at 490 nm using a Molecular Devices THBRMOmax raicroplate 
reaaer- 

RESULT0 

In 7 -week-old male diabetic dh/db mice, the specific LXR 
agonist, T0601317, dose-dependently lowered plasma glucose 
(Fig. Li). The maximum efficacy in plasma glucoae-lowering 
achieved with T0901317 was comparable with rosigtttaxone 
(Invitrogen; Avandia*) treatment. Food consumption and body 
weight gain ware similar to control in all dosa groups with the 
exception pf the 100 mg/kg T0901317 treatment, which trended 
downward (Table I). Subsequently we tested T0901317 in the 
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Table I 

Metabolic parameters of db/db mice treated with either BRZ, 00 mgfkg) or various dotes ofTOBOtSil 



ParnmcUrs 


Vehid* 


BRL 30 mgfkg 


10 wgflqf 


30 mg/kg 


100 mgflcg 


Body weight (g) 
Food intake (g) 

Plasma triglyceride (mmol/Uter) 
liver triglyceride (mgfg) 
Plasma insulin (ng/ml) 


36 ± 0.3 

7.1 
4.8 ± 0.6 
49.2 ± 19.3 
7.0 ± 3.2 


35.5 = Q.6 
6,5 

1.4 ± 0.3 
92.5 ± 24.0 

6^ 2: 2.fl 


34-6 = 1-1 
7.0 
9 5 ± 0 0 
176.6 ± 40.0 
11.9 x 5 3 


35-7 ± 0.7 

6.d 
23-4 ± 38,5 
166.0 ± 19.B 
12.0 ± 03.6 


35.8 S 0.9 
6.1 

23.9 ± 20.6 
165.6 ± 10.0 

8.9 ± 3.3 



Tadlb II 

Metabolic paramtten ofZDF ratt treated With either vehicle or various doses ofT0901$17 



Parameters 



Vehicle 



T0901317 



0.8 mgftff 



1.0 mg/kg 



3 0 mg/kg 



10 mg/kg 



30 mg/kff 



Body weight (g) 302.6 ± 6.4 307.8 z 6-7 310.0 ± 5-8 302.9 ± 5.1 309.7 ± 4.B 389.9 ± 6.6 

Food intake (g) 29-0 ± 0.9 29,4 ± 0.6 30.4 x 0.0 22.4 ± 4.0 27.7 = 0.8 20,1 ± 1.4 

Plasma triglyceride (mmol/litcr) 6.0 ± 2.3 10. B = 2.1 11.7 ± 2.3 13.1 i 5.6 30,2 ± 10.7 14.9 16.8 

Liver triglyceride (tngifc) 10 0 * 4.0 12.9 ± 4.6 9.8 ± 3.0 7.7 ± 2.7 83.3 * 55.9 143.2 ± 23.8 

Plawn* insulin (ng/ml) 6.3 ± 4.0 8.9 ± 5.1 u.l * 4.8 9.2 ± 2.S 6.1 ± 1.7 3.B ± 1.7 



male ZDF model. Eight-week-old ZDF rats wore treated orally 
with various doses of T0901317 for 7 days. Consistent with the 
data from the db/db model, plasma glucose levels ware signif- 
icantly reduced at 3 and 10 mg/kg doses. At a greater dose of 
T0901317 (30 mg/kg> a mare striking reduction in plasma glu- 
cose was noted but was associated with a significant decrease 
in food Consumption and weight loss, possibly as & result of 
toxicity of the high dose of compound used (Table II). Both 
plasma and liver triglycerides in db/db and ZDF rat studies 
increased dramatically (Tables I and II), which is consistent 
with earlier reports in C57B6 mice (11). There was no signifi- 
cant change in plasma insulin levels in these studies (Tables I 
and II). Treatment of normal C57BL6 mice resulted in no 
significant change in plasma glucose levels (Fig. lc). An oral 
glucose tolerance test in female obese insulin-resistant Zuck«r 
(fa/fa) rata, subsequent to 9 days of treatment with T0901317 (3 
mg/kg/d), revealed a significant improvement in glucose toler- 
ance in the treated animals relative to both vehicle control and 
pair-fed control groups. Although the insulin response to the 
glucose challenge was not significantly altered, the insulin 
sensitivity index, calculated a* the product of the glucose AUG 
and the insulin AUG during the oral glucose tolerance test, was 
significantly improved in the treated group (Fig. Id). Thus 
T0901317, presumably functioning as an LXR agonist, effec- 
tively lowers glucose in diabetic rodents and improves insulin 
sensitivity in insulin-resistant rodents but does not cause hy- 
poglycemia in normal mice. 

In assessing potential mechanisms underlying the antidia- 
betic actions, we found significant reductions in mRNA levels of 
two key gluconeogenic enzymes, FEFCK and glucose 6 phos- 
phatase (G6F), in liver samples from T0901317-treabed dh/db 
mice- PEPCK mRNA levels in T0901317-treated liver samples 
were reduced dose-dependently and correlated well with the 
glucose-lowering effects (Fig. 2a). Similar alterations were also 
observed in liver samples from C57BL6 mice but to a lesser 
extent (Fig. 2c). G6P mRNA levels were reduced more than 
50% in a dose-dependent fashion in liver samples from 
T0901317-treated db/db mice (Fig. 26). We then measured lac- 
tate-stimulated glucose output from precision-cut liver slices 
derived from ZDF rats treated with either vehicle^ T09013J.7 
(10 mg/kg), or T0901317 (30 mg/kg). Compared with either 
control or a pair-fed group (matched to T0901317 30 mg/kg), 
T0901317 at 10 mgfkf inhibited lactate-stimulated glucose out- 



put by ^80%, whereas the 30 mg/kg treatment resulted in 
virtually complete inhibition of glucose output (Fig. 2d). Very 
similar trends were observed for lactate utilization as the ve- 
hicle control; pair-fed groups displayed the greatest rates, fol- 
lowed distantly by T0901317 at 10 rag/kg and T0901317 at 30 
mg/kE. which utilized essentially no lactate. Those results in- 
dicate that the LXR agonist, T09O1317, improves glucose ho- 
meostasis in diabetic rodents, at least in part, through down- 
regulation of key enzymes in the hepatic gluconeogenasis 
pathway. 

To investigate the mechanism of FEFCK mRNA reduction 
upon LXR activation, wc performed nuclear run-on experi- 
ments with liver samples from db/db mice treated with either 
T0901317 or vehicle (Fig. 2e). The results suggested that re- 
duction of PEPCK mRNA upon T0901917 treatment in db/db 
mice was largely from transcriptional repression. To determine 
whether the aforementioned alterations were the result of 
T0901317 acting directly an hepatocytes, we treated rat hepa- 
toma Fao cells with either 0.2 nM insulin or 100 mi T0S01317 
or a combination of both for 24 h. The mRNA levels of PEPCK, 
G6P, pyruvate carboxylase, and fructose l 7 6-mephp*phAta9e 
decreased dramatically upon either insulin or T0901317 treat- 
ment. The combination of both agents did not result in an 
additive effect (Fig. 3a)- To confirm our observations, we 
treated rat hepatoma H4IIE cells with either T0901317 or 
another structurally distinct synthetic LXR agonist, GW3965. 
(Id) and measured PEPCK mRNA Both compounds showed 
dose-dependent reductions of PEPCK mRNA levels. The calcu- 
lated ICflo values for PEPCK inhibition of these two compounds 
are 26 nM and 108 nM, respectively (Fig. 36), which agrees 
closely with their respective described LXR potencies (11, lfi). 
These results suggest that the in vivo regulation of hepatic 
gluconeogenic genes was a direct action of the LXR agonist on 
the liver. 

As a result of recent studies indicating that LXRa is a target 
gene of PPAR7 (19, 20), we further explored the mechanisms of 
LXR action by comparing the effects of LXR agonists and a 
PPARy agonist, rosxglitazone, on adipocyte differentiation in 
vitro. Although rosiglitazone induced dramatic adipocyte dif- 
ferentiation, both the natural LXR ligand, 22(R)-hydroxycho- 
lesterol, and TOG01317 failed to induce robust adipocyte differ- 
entiation as assessed by Oil Red O staining (Fig. 4a). Similar 
results were obtained in C3K10T1/2 cells where adipocyte dif- 
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?', IJCR J ^5*5 l *i 1 ^ 9013lt down-rejtuUite* the hepatic ghiconeo£aneai& pathway in VtVO. Animal* Were treated as described under 
Materials and Method*-* TUwies were collected, and total RNAs were prepared and pooled for analysis. Mouse PEFCK and G6P mRNA ware 
2! e ?Xv™ by RN ™ protection way uaing the Ambion RPAI11 kit. Signal wag quantified with & MoldcuJar Dynamics Fhnsphoriinager Model 51. 
28 S RNA used A* control (a-c). Lactate-atimulated glucwe production from precision-cut liver alicea derived from vehicle control, pair-fed 
control, and T09OlS17-treated ZDP rata. *,p< 0.05 (eft. Nuclear run-on studies were performed on dVdb mice Aft described under "Material* and 
Methoda." Glycer&Jdehyde-S-phospliftta dehydro^enaae (GAPDH) wa» u»ed as a control for normalization (e) 



ferentiation was quantitated (Fig. 46). Examination of aP2 
mRNA in 3T3L1 cells did not reveal any regulation by the LXR 
agonist, T0901317 (data not shown). These results show that 
although LXRar is a direct target gene of PPARy, LXR agonists 
do nob merely mimic PPARy action in adipocytes, suggesting a 
unique mechanism for LXR-mediated antidiabetic action. Our 



results however, do not rule out the potential involvement of 
LXR-mediated contributions in peripheral tissues. 

DISCUSSION 

Our studies reveal for the first time that an LXR agonist, 
T0901317, exerta antidiabetic effects through suppression of 
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Pig. 3. Direct regulation of key £hu»neotf«aic gm«s by LXR ayonigt* in rat hepatoma cells- foo cells were treated with either insulin 
(0-2 TiM) or TQ90J317 (100 t>M) or tho combination for 24 h. and RNAb were prepared. Real-tune PGR experimenta were carried out using 19 $ JRtfA 
as control aa recommended by the manufacturer (a). ce?le were treated with various concentrations of cither T090I817 or GW3965 for 24 h 

and PEPCK mHNA was measured by the bDNA method (b). 



MtOH 



DII 



BRL 




DMSO 



22<R)OHC 



T0901317 



b. 









-i- 22(H) OHC 












U 10 



Fro. 4. LXR agonist* fail to induce robust adipocyte differentiation. 3T3L1 preadipocytes were cultured and differentiation waa induced 
as described under ^THateriaU and Method* " Cfilb were then fixed and stained with Oil Red O. DII: dettamethaaone, insulin, and inobutylmeth- 
ylXftnthine. 22(R)-OHC: 22<RVhydraxychQleBterol (<»). 10T1/2 cella were treated 38 described under "Materiale and MethodV and adipocyte 
differentiation was quantified (6), 



the hepatic gluconeogenic process. Because inhibition of he- 
patic glucose production has bean identified as an effective 
approach for lowering 1 hyperglycemia (2), LXRs potentially rep- 
resent novel targets for treating diabetes. 

LXR and RXR function as permissive heterodimerG (21), and 
our results suggest that the glucos^lowering effect of rexinoids 
may be mediated, at least partially, through decreased hepatic 
gluconeogenesis via activation of tho LXJR/KXR heterodimer. 
Recent studies indicated that LXR/RXR heterodimers regulate 
a spectrum of important gene products involved in lipid metab- 
olism- One of the target genes, SREBPlc, has been identified as 



the master transcription factor controlling; the entire fatty acid 
biosynthetie pathway (22, 28). In our studies, we observed 
doae-dependent plasma and liver triglyceride increa$e6 in both 
dh/db mice and ZDF rats (Tables I and II), which is consistent 
with previous reports in C57BL6 mice. It ia interesting to note 
that despite the increase in triglyceride levels, hyperglycemia 
was reduced dosB-dependently, This observation is strikingly 
similar to the previous report on the effects of RXR agonists 
(24), 

Although LXRs have been regarded as potential targets for 
mediating cardiovascular benefits, the induction of hypertri- 
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glyceridcmia and liver steatosis has severely hampered its 
development, A selective modulator that does not lead to accu- 
mulation of liver triglycerides will be essential if therapeutic 
potentials of LXfta for both cardiovascular and diabetic dis- 
eases can be realized. 

In contrast to previous reports that have identified positively 
regulated target genes for LXR, we have identified several gen? 
products that are down-regulated by LXR activation. Tradi- 
tional LXR target genes posses a an LXR-rcsponsive element 
(LXRE) in their promoter pr intron; however, it is unclear 
whether LXR repreaeea genes through a negative LXRE or 
through indirect regulation similar to famesoid X receptor 
repression of cholesterol 7cr-hydroxylase ejcpression (25, 26). 

Our novel findings suggest that LXR activation alters liver 
metabolism in a manner reminiscent of insulin, increased lipo- 
genesis and decreased gluconeogeneais. Despite the similari- 
ties, T0901317 does not appear to work through the classic 
insulin signaling cascade bec&USO we found that LXR activa- 
tion does not alter AKT phosphorylation or PGC-1 expression 
(data not shown). In contrast, insulin has been shown to regu- 
late LXRa in hepatocytes, and thus it is plausible that the 
effects of insulin on lipogeneuiu and gluconeogenasis may be 
regulated, at least in part, through changes in LXR expression. 

In summary, we have discovered an additional metabolic 
pathway regulated by LXRs. Activation of this pathway by an 
LXR agonist leads to a significant reduction ix» hyperglycemia 
and an improvement in insulin sensitivity in preclinical mod- 
els. These studies strongly implicate LXRs aa alternative tar- 
gets for intervention in diabetes mellitus. 
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